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Cellular identity during metazoan development is maintained by epigenetic modifications of chromatin structure brought about by the activity
of specific proteins which mediate histone variant incorporation, histone modifications, and nucleosome remodeling. HP1 proteins directly
influence gene expression by modifying chromatin structure. We previously showed that the Caenorhabditis elegans HP1 proteins HPL-1 and
HPL-2 are required for several aspects of post-embryonic development. To gain insight into how HPL proteins influence gene expression in a
developmental context, we carried out a candidate RNAi screen to identify suppressors of hpl-1 and hpl-2 phenotypes. We identified SET-2, the
homologue of yeast and mammalian SET1, as an antagonist of HPL-1 and HPL-2 activity in growth and somatic gonad development. Yeast Set1
and its mammalian counterparts SET1/MLL are H3 lysine 4 (H3K4) histone methyltransferases associated with gene activation as part of large
multisubunit complexes. We show that the nematode counterparts of SET1/MLL complex subunits also antagonize HPL function in post-
embryonic development. Genetic analysis is consistent with SET1/MLL complex subunits having both shared and unique functions in
development. Furthermore, as observed in other species, we find that SET1/MLL complex homologues differentially affect global H3K4
methylation. Our results suggest that HP1 and a SET1/MLL-related complex may play antagonistic roles in the epigenetic regulation of specific
developmental programs.
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Chromatin remodeling and histone modifications play an
important role in metazoan development by directly influencing
gene expression. The balance between repressive and activating
chromatin states is achieved by the action of specific proteins
and complexes. The highly conserved HP1 family proteins
directly contribute to the formation of heterochromatin through
an interaction with methylated lysine 9 of histone H3 (H3K9
methylation), a modification generated by the conserved histone
methyltransferase (HMT) SU(VAR)3-9 (Bannister et al., 2001;
Jacobs et al., 2001; Lachner et al., 2001). In addition, mam-
malian HP1 proteins can be recruited to specific euchromatic
sites by transcriptional repressors, thereby contributing to the
repression of target genes (Ayyanathan et al., 2003; Ogawa et al.,
2002). More recently, mammalian HP1γ has also been found to⁎ Corresponding author. Fax: +33 4 72728080.
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doi:10.1016/j.ydbio.2007.09.035play an unexpected role in transcriptional activation dependent
on association with elongating RNA pol II (Vakoc et al., 2005).
These data suggest that the role of metazoan HP1 family proteins
in the epigenetic regulation of euchromatic genes may be distinct
from their role in heterochromatin formation (Cryderman et al.,
2005; De Lucia et al., 2005; Piacentini et al., 2003; Vakoc et al.,
2005).
The Caenorhabditis elegans genome contains two HP1
homologues, HPL-1 and HPL-2 (Coustham et al., in press;
Couteau et al., 2002). HPL-2 is required for vulval cell fate
specification by acting in the synMuv (synthetic multivulva)
pathway. Drosophila homologs of the C. elegans synMuvB
gene products are found in Rb containing complexes named
Myb-MuvB or dREAM that are likely to repress the transcription
of genes through chromatin remodeling (Korenjak et al., 2004;
Lewis et al., 2004). In addition, HPL-2 is required for normal
growth and somatic gonad development, as well as playing an
essential role in the germline. In embryos, both HPL-1 and
HPL-2 are found enriched in distinct nuclear foci, suggesting
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chromosomal domains. Recruitment of HPL-2 to chromatin
appears to be at least partly mediated by the LIN-13 zinc finger
protein, another member of the synMuv/Rb pathway (Coustham
et al., in press; Couteau et al., 2002). A direct link between
H3K9 methylation and recruitment of HPL proteins remains to
be established. Although HPL-1 alone does not appear to be
essential for development, the larval lethality associated with
hpl-1;hpl-2 double mutants suggests partial redundancy with
HPL-2 (Schott et al., 2006). These and other phenotypes
associated with hpl-2 single and hpl-1;hpl-2 double mutants are
likely to reflect the role of HPL proteins in the regulation of
gene expression (Coustham et al., in press). In the course of a
candidate RNAi screen to identify modifiers of hpl-1 and hpl-2
function, we identified set-2, encoding the C. elegans homo-
logue of yeast and mammalian SET1 histone H3 lysine 4
(H3K4) HMTs as a strong suppressor of hpl-2 growth defects
and hpl-1;hpl-2 larval lethality.
In yeast, Set1 is the only H3K4 HMT (Briggs et al., 2001;
Roguev et al., 2001; Zhang et al., 2005). In mammalian cells by
contrast, six family members have been characterized: SET1a
and SET1b (orthologues of yeast Set1; Lee and Skalnik, 2005),
and four MLL-family HMTs that share limited similarity with
yeast Set1 beyond the SET domain (Nakamura et al., 2002; Dou
et al., 2005; Goo et al., 2003; Hughes et al., 2004; Wysocka et
al., 2003). The presence of multiple SET1-related proteins
suggests that in mammalian cells these may have distinct roles
in H3K4 methylation. However, despite the detailed biochem-
ical characterization of several SET1/MLL complexes, little is
know about their function in a developmental context.
We found that RNAi of C. elegans homologues of
components of yeast and mammalian SET1/MLL complexes
also suppresses hpl/HP1 growth phenotypes. However, not all
homologues equally suppress all hpl phenotypes. We further
characterized mutations in set-2 and swd-3, the orthologue of
WDR5, a core component of SET1/MLL complexes (Dou et al.,
2006; Steward et al., 2006). Although neither set-2 nor swd-3
appear to be essential for somatic development at the permissive
temperature, both are required for RNA interference. Further-
more, by quantitative Western blot analysis, we find that SET1/
MLL complex homologues differentially affect global H3K4
methylation, as previously shown in yeast and mammals. These
results provide evidence for a SET1/MLL-related H3K4 HMT
complex in C. elegans acting antagonistically to HPL/HP1
proteins in specific developmental pathways.Materials and methods
Alleles and strains maintenance
C. elegans Bristol variety N2 was used as the wild-type strain.
The following mutant strains were used for mutant and RNAi analyses: unc-
13(e1091) lin-35(n745)I; rrf-3(pk1426) II; unc-49(e407) III; lin-13(n388)/unc-
32(e189) III; hpl-1(tm1624) X; hpl-2(tm1489) III, backcrossed 4 times to N2;
set-2(ok952) III backcrossed 4 times to N2; swd-3(ok1417) III backcrossed 8
times to N2; dpy-18(e364)/eT1(III), unc-46(e177)let-418(s1045)/eT1(V); lin-
15(n765) X; lin-36(n766)III; lin-15A(n767)X; unc-15(e1214)I. Transgenic
strains were swIs14(hpl-2∷GFP); qIs56(lag-2∷GFP); kuIs36(egl-26∷GFP)I;tnIs5(lim-7∷gfp); rrIs01(elt-2∷GFP); wIs51(scm∷GFP) seam cell reporter;
ccEx7291(let-858∷GFP); ayIs7(hlh-8∷GFP); oxIs12(unc-47∷GFP).
Strains were maintained following standard procedures (Brenner, 1974).
To measure the growth of wild-type and mutant strains, L4 hermaphrodites
grown at 20 °C were switched to 25 °C and allowed to lay eggs during 12 h. This
first set of plates (brood A) was not scored. Animals were then transferred to
fresh plates and allowed to continue laying eggs for another 4 h before being
removed from the plate. After 48 h for hpl-2 single, and 72 h for hpl-1;hpl-2
double mutants, the second set of plates (brood B) were scored for the presence
of larvae and adult progeny. To score fertility of mutants animals, L2 larvae from
brood B were transferred to single plates and brood size scored after 5 days.
RNAi feeding experiments
RNAi feeding experiments were carried out essentially as described
(Kamath and Ahringer, 2003). For genes absent from the available RNAi
library, cDNAs obtained from the Kohara library were digested as follows: mes-
2, yk136e6 digested with NcoI–BglII; Y17G7B.2, yk1720c08 digested with
SacI–XhoI; Y41D4B.12, yk464f11digested with PstI–XhoI; C15H11.5,
yk701e8, digested with XbaI–BamHI; set-2l; yk1670h07 digested with SacI–
NheI. For set-2s, exon 1 was amplified from yk25g10 with set-2f and set-2r,
containing an XbaI and an XhoI site, respectively. The fragments obtained were
inserted into the polylinker of the L4440 RNAi feeding vector cut with the
respective restriction enzymes. The resulting constructs were transformed into
E. coli HT115(DE).
Primers usedset-2f CCTATACTCGAGCGAATTGATACTTCTATAGACC
set-2r TTCCCATCTAGATAATGTATAATAACTCGGCTCC
wdrPf GCTCTAGATTTGTTATATCTGTAATCGAATG
wdrPr CGCGGATCCTATAAATCACAGCAAAAATC
wdrGf CGGAATTCATGGATACCAGCGAAAATGC
wdrGr GGCGGAGCGGCCGCAGGGCCCTCTAAAATTTTCAGCCTCAATC
Set2-pro1: GCTTTGCCCGGGTTCCCATCAATTATTTATTG
Set2-pro2: GTCGACTCTAGATTGAATTACCGCGCAAATATG
Set2-pro3: GTCGACGGGCCCATTAGAATACCTCAAAATCCTC
Set2-pro4: GCTTTGGAATTCTCCACACATGATATGAACCATCDeletion mapping and RT-PCR analysis
Total genomic DNA was extracted from set-2(ok952) and swd-3(ok1417)
mutants by picking single animals in 10 μl lysis buffer (50 mMKCl, 10 mMTris
pH 8.2, 2.5 mM MgCl2, 0.45% NP-40, 0.45% Tween-20, 0.01% Gelatin,
100 μg/ml freshly added proteinase K) and incubating for 60 min at 65 °C
followed by heat inactivation of proteinase K at 95 °C for 10 min. For ok952, the
extent of the deletion predicted by the C. elegans Knockout Consortium was
confirmed by sequencing using the primers described in the isolation of the
allele. For ok1417, we designed the following primers: TTGTGTGTTC-
GCTGTGCATG (forward) and GTATTTGCTCTCGGTCGATC (reverse). PCR
was performed using BIO-X-ACT polymerase (Bioline) and sequencing using the
primer GCACATTGCATCTTACGACG. Sequence analysis showed that this is a
695-bp deletion starting at position 354 and ending at position 1050 within the
coding sequence. For RT-PCR analysis on ok952, total RNA was isolated from
mixed-stage populations of homozygous ok952 andN2worms using Trizol reagent
(Invitrogen). RT-PCR were performed using the First Strand cDNA Synthesis Kit
(Fermentas) with oligodT, followed by PCR with the primers GAACGAGAGG-
AGAAAGCAAG (forward) and TCTTCAATTGGGAACTTGTAG (reverse).
Sequencing was with the primer CTTTGCATTTCATTAAGTGCTG.
Construction of tagged proteins
For the swd-3∷GFP construct, 270 bp of the promoter region of C14B1.4
was amplified from cosmid C14B1 using the primers wdrPf and wdrPr
containing an XbaI and a BamHI site, respectively. The resulting fragment was
inserted 5′ of the GFP coding sequence of pPD117.01 vector (gift of A. Fire lab)
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entire coding region and its 3′UTR sequences was amplified using primers
wdrGf and wdrGr containing an EcoR1and an ApaI site, respectively, and
inserted into the equivalent sites in pPD117.01. The resulting construct was
renamed pTS1.
For set-2∷GFP, a 10400-bp NsiI–Eco47III fragment from cosmid C26E6
was subcloned into pGEM4 cut with PvuII–PstI to produce pTS3. A 395-bp
promoter fragment upstream of the ATG start codon was amplified from pTS3
with primers Set2-pro1 and Set2-pro2 containing XbaI and XmaI sites and
inserted in pPD117.01, upstream of GFP coding sequences to produce pSETa. A
255-bp fragment of the set-2 coding region, starting from the start ATG codon,
was then amplified with primers Set2-pro3 and Set2-pro4 adding EcoRI and
ApaI restriction sites and inserted downstream of the GFP coding sequences
of pSETa to produce pSETb. pSETb was digested with SacII, and the 1300-bp
fragment released, containing GFP flanked by set-2 promoter and coding
regions, was inserted in pTS3 cut with the same enzyme, resulting in pTS4.
Microinjection and production of stable transgenic lines
To obtain lines carrying extra-chromosomal arrays, the swd-3∷GFP and set-
2∷GFP constructs were co-injected with either pRF4(rol-6(su1006) in wild-type
N2 worms or punc119 in unc-119(ed3) worms, respectively. Stable integrated
lines were generated using an exposure to 15 mJ/cm2 light (λ=254 nm) using a
Fisher Bioblock crosslinker. Integrated strains were backcrossed at least four
times prior to analysis.
Immunofluorescence
DAPI staining was performed as previously described (Couteau et al., 2002).
For immunofluorescence experiments, embryos or dissected intestinal tissue
were freeze cracked and fixed with cold MeOH during 1′ followed by 1%
paraformaldehyde at RT during 5′. Incubation was with anti-H3K9-trimethyl
antibodies (abcam ab8898) diluted 1/1000, anti-H3K4-trimethyl antibodies
(abcam ab8580) diluted 1/5000 or anti-H3K27-trimethyl antibodies (upstate 07-
449) 1/1000. Images were acquired using a Microscope Zeiss Axioplan2
Imaging set with a Camera Coolsnap HQ. Z-stacks were projected using imageJ
software.
Quantitative Western blot analysis
For mutant strains, total protein extract were prepared from synchronized
young adult populations containing few if any embryos grown on OP50 at
20 °C. For RNAi-treated animals, extracts were prepared from mixed stage
populations grown on HT115 containing either the empty feeding vector, or
specific RNAi. Animals were taken from plates in which bacteria was not
limiting for growth, pooled in M9 buffer, washed once in water, diluted in 5
volumes of 1× Sample buffer, and boiled 5′ before analysis on SDS–PAGE. For
mutant strains, protein concentration was estimated using Bradford's assay, and
7.5 and 15 ng of each extract were loaded. For RNAi experiments, the relative
protein concentration of the individual samples was estimated by loading 10 μl
of each sample followed by Coomassie staining of the gel. The volume loaded
was then adapted to contain the same global amount of proteins and transferred
to Nitrocellulose for antibody analysis. The blot was incubated with following
diluted antibodies: polyclonal anti-H3 (abcam 1791) 1:20000; polyclonal anti-
H3K4met2 (abcam ab7766) 1/10000; polyclonal antiH3K9me3 (upstate 07-
442) 1:1000, polyclonal anti-H3K4met3 (abcam ab8580) 1:1000; and mono-
clonal anti-actin (ICF, clone C4) 1:20000 as an internal control of protein
loading. Each analysis was repeated with at least three independently derived
extracts. Quantification of scanned blot was carried out using Image J, and
H3K4met signals corrected with H3 or actin as internal controls.
Supplementary materials and methods
To test whether the swd-3∷GFP construct is functional in vivo, we obtained
animals carrying the swd-3∷GFP extrachromosomal array in the swd-3
(ok1417) mutant context by crossing. swd-3 mutant animals carrying the swd-
3∷GFP extrachromosomal array were transferred at the L4 stage to mes-4 RNAifeeding plates at 25 °C and the F1 progeny scored. To test the efficiency of swd-
3(RNAi) treatment, we took photos of at least 10 L4 from F1 progeny of RNAi-
treated or control worms and quantified the maximal intensity of selected areas
with Image J. To confirm that the swd-3∷GFP transgene could restored H3K4
trimethylation in a swd-3 mutant context, Western blot analysis was performed
on extracts prepared from swd-3mutant animals carrying the extrachromosomal
array. The blot was incubated with anti-H3K4met3 antibodies (abcam ab8580)
1:1000; and monoclonal anti-actin (ICF, clone C4) 1:20000 as an internal
control.Results
Reduced function of set-2/SET1 suppresses hpl-2 growth
defects
At 25 °C, hpl-2(tm1489) null mutants grow more slowly and
are smaller as adults than wild-type, show defects in somatic
gonad development and vulval cell fate specification, and are
sterile (Fig. 1A; Coustham et al., in press). To gain insight into
the function of hpl-2, we sought to identify additional chromatin
regulatory factors which are likely to act in the same pathways
as hpl-2.
The SU(VAR)3-9 HMT is responsible for recruiting HP1
proteins to chromatin through the methylation of H3K9
(Bannister et al., 2001; Jacobs et al., 2001; Lachner et al.,
2001). Although C. elegans does not contain a close homologue
of SU(VAR)3-9, based on the presence of a SET domain
common to all HMTs and an additional conserved pre-SET
domain (Rea et al., 2000), we could identify three more
distantly-related putative H3K9 HMTs, encoded by met-2,
F34D6.4 and Y41D4B.12. We asked whether inactivation of
any of these genes results in phenotypes similar to those
observed in the absence of hpl-2. RNAi inactivation of either
F34D6.4 or Y41D4B.12 failed to result in any obvious
phenotype at any of the temperatures tested, while met-2
(RNAi) at 25 °C resulted in occasional defects in vulval
development (data not shown). Furthermore, RNAi inactivation
of these genes failed to result in any obvious change in either the
number or appearance of HPL-2∷GFP nuclear foci (Coustham
et al., in press, and data not shown), suggesting that their
activity is not required for recruitment of HPL-2 into these foci.
Like hpl-2, met-2 was recently shown to be required for vulval
development by acting in the synMuv (synthetic multivulval)
pathway involved in transcriptional repression (Poulin et al.,
2005). Interestingly, we observed that met-2 RNAi in an hpl-2
mutant context resulted in sterility at 20 °C and an L3/L4 larval
arrest at 25 °C. This enhanced lethality is not due to the
enhanced RNAi (eri) phenotype associated with hpl-2 mutants
(Wang et al., 2005) as it was not observed in other mutant
contexts associated with an eri phenotype (data not shown).
Therefore, hpl-2 and met-2 are likely to have additional
functions in redundant or parallel pathways.
The synthetic phenotype between met-2 and hpl-2 prompted
us to test whether other SET domain encoding genes genetically
interact with hpl-2. C. elegans contains 34 genes encoding SET
domain proteins (http://www.wormbase.org), of whichwe tested
27 for a genetic interaction with hpl-2. Of those tested, we found
that RNAi inactivation of four, set-2, mes-2, mes-4, and
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Fig. 2. Gene structure of the set-2 and swd-3 genes. The extent of the deletion alleles used in this study is indicated by vertical dashed lines. Black bars in panel A show
the genomic fragments used in RNAi experiments to inactivate either the large (l) or both large and small (l+s) transcripts. Below the structure of each gene is shown a
schematic representation of the corresponding protein product with conserved domains represented by boxes. Thin dotted lines are drawn to the exons encoding the
conserved domains.
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to different extents (Fig. 1, and data not shown). To bypass the
embryonic lethality associated with loss of embryonic activity of
one gene, T12D8.1 (data not shown; Kamath and Ahringer,
2003), feeding RNAi was instead performed on L1 larvae. We
nonetheless failed to observed rescue of the hpl-2 growth
phenotype in the F1 progeny of these animals. mes-2 and mes-4
are both required for silencing the X chromosome in the
germline (Fong et al., 2002). In addition, mes-2 has additional
roles in the soma (Ross and Zarkower, 2003).mes-4 is autosome
associated and required for histone H3K36 dimethylation, while
mes-2 is predominantly X associated and responsible for H3K27
methylation (Bender et al., 2004, 2006). set-2 encodes a protein
closely related to yeast Set1 and mammalian SET1/MLL
proteins, H3K4 HMTs associated with active gene expression
(Supplementary Fig. 1). Studies to date have described a number
of mammalian H3K4 HMT complexes (Nakamura et al., 2002;
Dou et al., 2005; Goo et al., 2003; Hughes et al., 2004; Wysocka
et al., 2003). However, little is known about their function inFig. 1. (A) Suppression of hpl-2 growth delay and hpl-1;hpl-2 larval arrest by inactiva
(a) unc-49 control strain, (b) hpl-2(tm1489);unc-49, (c) set-2(ok952);hpl-2(tm1
(tm1624);hpl-2(tm1489)unc-49. Animals are the F1 offspring of hermaphrodites shift
animals, respectively, were grown at 20 °C to the L4 stage and transferred to plates
25 °C. The percentage of adults among the resulting progeny was scored 48 h after l
RNAi control, mutant animals were fed on bacteria expressing the empty RNAi feedi
effect observed with set-2(RNAi). Mutant animals were grown at 20 °C to the L4 stag
among the resulting progeny was scored at day 4 for set-2(ok952);hpl-2(tm1489);
animals, as in RNAi experiments. unc-49 animals were used as control.animal development. We therefore decide to focus our studies on
SET-2.
The set-2 locus encodes two overlapping transcripts, set-2l
and set-2s (Xu and Strome, 2001; Fig. 2A). While both
transcripts encode for the SET domain, only set-2l also encodes
the RRM RNA binding motif. The RNAi feeding clone used in
these experiments includes a stretch of 1155 bp common to both
transcripts (Fig. 2A). To test which of the two transcripts is
responsible for the suppressor effect, we fed hpl-2 worms on
RNA corresponding to sequences unique to the larger transcript
and obtained the same suppressor effect. By contrast, RNAi
directed against the first exon unique to the set-2s transcript
failed to rescue the hpl-2mutant phenotypes. Wild-type animals
fed on the same RNAi plates failed to show any obvious
phenotype at any of the temperatures tested. Altogether, these
results show that inactivation of the larger SET-2 protein,
containing both SET and RRM domains, is required to restore
wild-type growth in hpl-2 mutant worms. For the sake of
simplicity, from here on we will refer to set-2l simply as set-2.tion of SET-2 and homologues of yeast and mammalian SET1/MLL complexes.
489);unc-49, (d) hpl-1(tm1624);hpl-2(tm1489)unc-49, (e) set-2(ok952);hpl-1
ed to 25 °C at the L4 stage. Scale bar is 50 μm. (B) (I and II): hpl-2 or hpl-1;hpl-2
seeded with HT115 strains carrying the corresponding RNAi feeding vector at
aying for hpl-2 single or 72 h for hpl-1;hpl-2 double mutant animals. For the no
ng vector. (III and IV) The set-2(ok952) deletion allele reproduces the suppressor
e on standard OP50 plates and then transferred to 25 °C. The percentage of adults
unc-49 or day 5 for set-2(ok952);hpl-1(tm1624);hpl-2(tm1489)unc-49 mutant
Table 1
Caenorhabditis elegans SET1/MLL complex subunits suppress hpl/HP1
phenotypes
S. cerevisiae Human C. elegans Suppression of hpl-2
growth delay and hpl-1;hpl-2
larval lethality
set1 hSET1 set-2 Yes
MLL1 T12D8.1 No
MLL2 Y17G7B.2 No
bre2 hAsh2 F52B11.1/cfpl-1 Yes
spp1 CFP1 F21H12.1 No
swd1 Rbbp5 C33H5.6/swd-2 Yes
swd2 Wdr82 C33H5.7 No
swd3 WDR5 C14B1.4/swd-3 Yes
sdc1 hDPY30 dpy-30 Yes
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with hpl-1;hpl-2 double mutants
While inactivation of the second C. elegansHP1 homologue,
hpl-1, results in no obvious phenotype on its own, hpl-1;hpl-2
double mutants show a highly penetrant larval arrest phenotype
at 25 °C, suggesting that the two HPL proteins play essential,
redundant functions in post-embryonic development (Fig. 1A;
Schott et al., 2006). We therefore tested whether the absence of
set-2 function could also suppress the larval lethality associated
with hpl-1;hpl-2 double mutants. hpl-1;hpl-2 homozygotes at
15 °C are indistinguishable from wild-type. However, when
double mutants are shifted to 25 °C at the L4 stage, only 3%
(n=156) of the F1 progeny develop into adults, while the
remaining animals arrest as larvae, predominantly the L2/L3
larval stage (Figs. 1A and B). By contrast, when hpl-1;hpl-2
double mutants are placed on set-2(RNAi) plates at the non-
permissive temperature, 91% (n=68) of F1 the offspring reach
adulthood. Therefore, inactivation of set-2 can suppress both
hpl-2 single and hpl-1;hpl-2 double mutant phenotypes.
Targeting of HPL-2 to nuclear foci in embryos is dependent
on the LIN-13 zinc finger protein, another member of the Rb-
related synMuvB class which includes HPL-2 (Coustham et al.,
in press; Melendez and Greenwald, 2000). We therefore asked
whether set-2 inactivation could also suppress the larval arrest
associated with lin-13 loss of function. As previously reported
(Melendez and Greenwald, 2000), lin-13(n388) homozygous
animals without maternal contribution show an early larval
arrest at 25 °C (92.2%, n=179). By contrast, in a set-2(RNAi)
context 93.8% (n=177) of lin-13 animals develop into adults.
Therefore, set-2 also antagonizes lin-13 function in larval
development. LET-418, the homologue of mammalian Mi-2, is
another essential member of the Rb-related synMuvB pathway.
In mammals, Mi-2 is the central component of the NuRD
nucleosome remodeling and histone deacetylase complex
(Bowen et al., 2004). In the absence of both maternal and
zygotic let-418 gene product, animals arrest at the L1 larval
stage. Inactivation of set-2 by RNAi failed to suppress the larval
lethality associated with the let-418(s1045) mutation (data not
shown). Altogether, these results suggest that the suppression of
hpl-1;hpl-2 larval lethality by set-2 is unlikely to reflect a
general role for SET-2 in antagonizing different repressor
complexes in larval development.
Reducing the function of SET1/MLL complex homologues also
suppresses hpl-2 slow growth defects and hpl-1;hpl-2 larval
lethality
Yeast Set1 is found in a multiprotein complex which is solely
responsible for all histone H3K4 methylation in this organism
(Miller et al., 2001). In contrast, several distinct mammalian
histone H3K4 methyltransferase complexes exist. Each con-
tains either hSET1 or an MLL protein, plus two to four
additional components in common with the yeast Set1 complex,
including Swd3/WDR5, Swd1/RbBP5, Bre2/Ash2, and Sdc1/
hDPY30 (Nakamura et al., 2002; Dou et al., 2005; Goo et al.,
2003; Hughes et al., 2004; Wysocka et al., 2003). Twoadditional proteins, Spp1/CFP1 and Swd2/Wdr82, are an
integral part of the yeast complex, while in mammals their
presence is limited to hSET1 complexes (Lee and Skalnik,
2005; Lee et al., 2007).
C. elegans contains homologues of all of the yeast and
mammalian SET1/MLL complex subunits (Table 1). C14B1.4
is the orthologue of Swd3/WDR5 (Schuetz et al., 2006), while
DPY-30 is more distantly related to Sdc1 and hDPY30. In
addition, by looking through the C. elegans databases and using
BLAST searches, we found homologues of all other subunits.
These include Y17G7B.2 and F21H12.1, the only homologues
of Bre2/Ash2 and Swd1/RbBP5, respectively, two potential
homologues of Swd2/Wdr82, C33H5.6 and C33H5.7, and one
potential Spp1/CFP1 homologue, F52B11.1. We reasoned that
if the function of SET-2 in a SET1/MLL-related complex is
conserved in C. elegans, inactivation of other subunits should
also suppress the hpl/HP1-associated phenotypes. To test this,
hpl-2 single and hpl-1;hpl-2 double mutants were placed on
RNAi feeding plates at the L4 stage, and after 4 or 5 days,
respectively, plates were scored for presence of larvae and adult
progeny. RNAi directed against C14B1.4/WDR5, F52B11.1/
CFP1, C33H5.6/Wdr82, and dpy-30/hDPY30 suppressed the
hpl-2 growth defects and the hpl-1;hpl-2 larval arrest at 25 °C
(Table 1 and Fig. 1B). Based on their sequence homology with
the respective human and yeast proteins, we renamed
C14B1.4 swd-3, C33H5.6 swd-2, and F52B11.1 cfpl-1. By
contrast, C33H5.7 RNAi resulted in a larval arrest in an hpl-2
context at 25 °C, while RNAi of Y17G7B.2/Ash2 and
F21H12.1/RbBP5 increased the hpl-2 slow growth defect.
These genes are therefore likely to act in parallel or redun-
dantly with hpl-2.
A set-2 deletion mutant reproduces the hpl/HP1 suppressor
effect
We obtained deletion alleles for both set-2 and swd-3 from
the C. elegans Knockout consortium (Figs. 2A and B).
Sequencing of the set-2 allele ok952 showed that it is an out-
of-frame deletion of SET-2s resulting in a stop codon at aa 38,
and an in-frame deletion for SET-2l removing 208 aa between
the RRM and SET domain. Genetic analysis suggests that this is
likely to be either a hypomorph, or a loss of function allele (see
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pairs and results in a frame-shift producing a protein truncated
at aa position 97 and with the addition of 21 novel residues
before reaching a stop codon. As this result is a truncated
protein missing 5 of the 7 WD40 repeats required for histone
binding (Schuetz et al., 2006), ok1417 is likely to be a null
allele.
To test whether the set-2(ok952) deletion allele shows the
same suppressor effect as set-2(RNAi) in hpl-2 and hpl-1;hpl-2
mutant contexts, we constructed set-2;hpl-2 double and set-2;
hpl-1;hpl-2 triple mutants. Because hpl-2 strains were marked
with the unc-49 mutation in these experiments, unc-49 worms
were used as controls for these strains. Following a shift to
25 °C at the L4 stage, we observed the same suppression of hpl-
2 growth defects and hpl-1;hpl-2 larval lethality in the F1
offspring as observed by set-2(RNAi), consistent with this
allele being a hypomorph (Fig. 1B, panels III and IV). The
effect of set-2 on hpl-2 growth rates intervened starting at the
L3 larval stages, during which time the last somatic post-
embryonic cell divisions occur (Sulston and Horvitz, 1977).
In contrast to set-2, we were unable to reproduce the
suppressor effect on either hpl-2 single or hpl-1;hpl-2 double
mutants at 25 °C with the swd-3(ok1417) deletion allele.
Instead, hpl-1;hpl-2;swd-3 mutants shifted to the non-permis-
sive temperature had a greatly reduced brood size, and the few
surviving offspring showed an earlier arrest compared to the
simple hpl-1;hpl-2 mutants, failing to develop past the L1/L2
larval stage (data not shown). These results suggest that
inactivation of swd-3 by RNAi might not completely abolish
swd-3 activity, while swd-3 loss of function associated with
the swd-3(ok1417) deletion allele results in deleterious additive
effects which may mask a later hpl-1;hpl-2 suppressor effect.
Two lines of evidence suggest that this may be the case. First, in
experiments in which worms carrying a swd-3∷GFP transgene
were placed on swd-3(RNAi) feeding plates, a weak GFP signal
was still present in the F1 offspring of RNAi fed animals,
suggesting that RNAi is only partially effective in reducing
swd-3 activity (Supplementary Fig. 2). Second, the phenotypes
associated with the swd-3 mutant allele are stronger than
those observed by RNAi, as will be described further on.
These results suggest that at least some swd-3 activity is
required for suppression, and that RNAi by feeding is
phenotypically closer to the hypomorphic than to the null
condition. We note that a similar effect is also observed with
the dpy-30 gene, whose partial inactivation by RNAi results
in a dumpy (dpy) phenotype and suppression of hpl
phenotypes, while a loss of function allele results in
hermaphrodite embryonic lethality, reflecting the role of this
gene in dosage compensation (Hsu et al., 1995; Hsu and
Meyer, 1994).
Reduced activity of set-2 and other SET1/MLL complex
homologues restores normal somatic gonad development, but
not fertility, to hpl-2 single mutants
We wanted to know which, if any, of the specific post-
embryonic defects associated with hpl-2 single and hpl-1;hpl-2double mutants could be suppressed by compromising set-2
activity. We previously reported that hpl-2mutant animals show
temperature sensitive defects in the development of the
germline and somatic gonad (Schott et al., 2006). Wild-type
hermaphrodites contain two symmetrical gonad arms that
develop by elongation of buds originating from a gonadal
primordium (Hall et al., 1999; Hubbard and Greenstein, 2000;
McCarter et al., 1997). Each gonadal arm has a single ‘distal tip
cell’ (DTC) that regulates this elongation process. The distal
portion of each gonad arm contains germ cell nuclei, whereas
the proximal half houses the developing oocytes. The
spermatheca separates the most proximal oocyte from the
uterus.
We observed that inactivation of set-2 by RNAi could
restore most aspects of normal somatic gonad development in
hpl-2 mutant animals at the non-permissive temperature of
25 °C. For example, while only 4% (n=106) of hpl-2 mutant
animals showed expression of the distal tip cell (DTC)-
specific marker lag-2:GFP in both gonad arms, in set-2
(RNAi);hpl-2 animals, correct elongation was re-established,
with 76% (n=121) of all animals showing normal lag-2:GFP
expression (Schott et al., 2006; Fig. 3). Likewise, swd-3
(RNAi) re-established lag-2:GFP expression in both gonad
arms of 80% (n=80) of all hpl-2 animals. We also looked at
the expression of other markers of somatic gonad develop-
ment, including the spermathecal marker egl-26∷GFP and the
sheath cell (SS)-specific marker lim-7∷GFP. In wild-type
hermaphrodites, egl-26∷GFP is expressed in the spermatheca
of both gonad arms (Koppen et al., 2001). In the hpl-2
mutant context by contrast, only 15% of all animals (n=62)
showed wild-type egl-26∷GFP expression, 16% showed
either no expression or expression in only one gonad arm,
and the remaining 69% showed expression in a disorganized
mass of cells close to the vulva (Fig. 3, compare panel D with
panel E). Wild-type egl-26∷GFP expression was re-estab-
lished in both gonad arms of 79% (n=86) of set-2(RNAi);
hpl-2, and 80% (n=70) of swd-3(RNAi); hpl-2 animals,
respectively (Fig. 3F and data not shown). Sheath cells are
also absent from the gonads of hpl-2 mutant animals, as
assayed with the SS-specific marker lim-7 (Schott et al.,
2006). Although the re-establishment of an apparently wild-
type gonad in hpl-2;set-2 mutants suggests that the presence
of sheath cells is at least partially re-established in the
double mutants, lim-7∷GFP transgene expression in this
context was never observed, most likely due to an effect on
the expression of this transgene in hpl-2;set-2 mutants (data
not shown).
hpl-2 is expressed in both the germline and soma
(Couteau et al., 2002), and the sterility associated with hpl-
2 mutants is likely to reflect its function in both somatic
gonad and germline development. Although the set-2
mutation restored a normal somatic gonad morphology in
the majority of hpl-2 animals analyzed, we observed no
significant difference in the number of sterile animals among
the F1 offspring of set-2;hpl-2 hermaphrodites (86%, n=85)
compared to hpl-2 alone (88%, n=85) at 25 °C. As set-2
(RNAi) animals are indistinguishable from wild-type in all
Fig. 3. Suppression of somatic gonad defects in hpl-2 adults by set-2(RNAi). (A) In a wild-type strain, lag-2∷gfp expression in observed in the two DTC (arrows).
(B) In hpl-2 mutants, lag-2∷gfp expression is detected ectopically in the intestine and other cell types but is absent from DTCs. (C) In hpl-2;set-2(RNAi) animals,
lag-2∷gfp expression in the DTCs is re-established (arrows), but ectopic expression is still observed in the intestine and other cell types. (D) egl-26∷gfp is
expressed in the spermatheca of both gonad arms in a wild-type strain (arrows). (E) In hpl-2 mutants, expression is mostly observed in a mass of undifferentiated
cells. (F) In hpl-2;set-2(RNAi) animals, wild-type egl-26∷gfp expression is restored (arrows). Temperature was 25 °C for all experiments. Scale bar is 50 μm.
Quantification of data presented in panels A–C is shown in the table below panels (A–F).
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absence of set-2 activity is unable to restore normal germline
function in hpl-2 mutant animals.
Nonetheless, while in hpl-2 mutant hermaphrodites oocytes
were observed in only 39% (n=49) of gonad arms of all
animals, in hpl-2;set-2 animals oocytes were present in 92%
(n=62) of gonad arms, although oocyte morphology in these
animals was often abnormal and nuclei appeared enlarged (Fig.
4, compare panel Awith panel C). DAPI staining revealed that,
in contrast to hpl-2 mutants, in which the absence of gonad
elongation interferes with meiotic progression, germline
progression up to diakinesis is observed in set-2;hpl-2 mutants
(Fig. 4, compare panel E with panel F). However, instead of
containing fertilized embryos, the proximal region of set-2;hpl-
2 animals is occupied by endomitotic oocytes, suggesting a
defect in either oocyte maturation or fertilization (Hubbard and
Greenstein, 2000).
Since hpl-2 mutant animals show defects in the development
of the somatic gonad, including the spermatheca, the sterility of
hpl-2;set-2 mutants could be due to a failure to fertilize oocytesin the absence of sperm. Indeed, DAPI staining revealed that
sperm was absent from 56% (n=55) of hpl-2 and 48% (n=58)
of hpl-2;set-2 gonad arms. However, the absence of sperm
alone does not seem to be responsible for the sterility of hpl-2;
set-2 animals, as providing exogenous sperm from wild-type
males did not restore fertility to hpl-2;set-2 hermaphrodites
(data not shown).
We also asked whether inactivation of the other SET1/MLL
complex homologues identified as hpl-2 suppressors could re-
establish the presence of oocytes in hpl-2 mutants and found
that RNAi of swd-3, cfpl-1, swd-2 and dpy-30 restored the
presence of oocytes in the gonad arms of greater than 75% of
all animals, without however re-establishing fertility (Supple-
mentary Table 1). Altogether, our results suggest that while
reduced activity of set-2 and other hSET1/MLL complex
homologues may restore certain aspects of oocyte develop-
ment in hpl-2 mutants by re-establishing normal somatic
gonad development, hpl-2 may play an additional roles in
oocyte development, independent of the activity of these
factors.
Fig. 4. set-2 re-establishes the presence of oocytes in hpl-2mutant animals. DIC images (A–C) and DAPI staining to visualize DNA (D,E) of control (A and D), hpl-2
(B and E), and set-2 ;hpl-2 (C and F) animals are shown. Arrows point to oocytes in diakinesis, open triangles to fertilized embryos in the uterus, asterisk to sperm, and
closed triangles to endomitotic oocytes. DIC and fluorescence images are from different animals. Temperature was 25 °C for all experiments. Scale bar is 50 μm.
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defects
hpl-2 animals at 25 °C show additional somatic defects,
including a highly penetrant everted vulva (evl) and a weaker
Muv (multivulval) phenotype. As shown in Table 2A, the set-2
mutation could suppress the evl, but not the Muv phenotype of
hpl-2 mutants. The evl phenotype is likely to be the result of
aberrant somatic gonad defects, which are also suppressed by
set-2. hpl-1 loss of function and mutations in the synMuvA
pathway greatly increase the penetrance of the hpl-2 Muv
phenotype in a temperature-dependent manner (Coustham et al.,
in press; Schott et al., 2006). We found that RNAi of either set-2
or swd-2 failed to suppress the highly penetrant Muv phenotype
of hpl-1;hpl-2 mutants at 24 °C (Table 2B and data not shown).
By contrast, RNAi of swd-3/WDR5, cfpl-1/CFP1, and dpy-30
resulted in various degrees of suppression. mes-4, which was
included as a positive control, resulted in the strongest
suppressor effect. set-2 RNAi also failed to suppress the Muv
phenotype of synMuvA;synMuvB mutant strains at 20 °C. By
contrast, and consistent with recently published data (Cui et al.,
2006), RNAi of swd-3/WDR5, cfpl-1/CFP1, dpy-30, and
mes-4 also suppressed the Muv phenotype of these mutants.
Altogether, these results suggest that while set-2 does not play a
role in vulval cell fate determination, swd-3/WDR5, cfpl-1/
CFP1, and dpy-30 may antagonize the function of hpl-1, hpl-2,
and other synMuv genes in vulval cell fate determination by a
mechanism independent of set-2.
In addition to playing a redundant role in antagonizing Ras
activity in vulval cell fate determination, synMuv genes are
associated with a number of other phenotypes, includingregulation of lag-2 expression (Coustham et al., in press;
Dufourcq et al., 2002; Poulin et al., 2005). While in wild-type
animals expression of lag-2 is restricted to the distal tip cell of
the gonad, the ventral nerve cord and a few cells of the vulva, in
hpl-2 animals expression is also observed in the pharynx,
hypodermis and intestine (Coustham et al., in press). The
absence of set-2 activity was unable to restore a wild-type lag-2
expression pattern outside the DTCs, suggesting that lag-2
ectopic expression is independent of set-2 function (Fig. 3,
panels B and C). This is in contrast with other somatic
transgenes tested, including the seam cell marker scm∷gfp,
whose expression was greatly reduced in hpl-2 mutants at
25 °C, and restored by set-2(RNAi) (data not shown).
A number of synMuv genes have also been shown to
regulate cell division and proliferation (Boxem and van den
Heuvel, 2001; Fay et al., 2002; Grishok and Sharp, 2005).
Consistent with these results, we found that hpl-2 controls
nuclear divisions in the intestine. C. elegans larvae are born
with 20 intestinal nuclei, and the number reaches 30–34 in
adult animals due to the post-embryonic division of several of
these cells (Sulston and Horvitz, 1977). In DAPI-stained hpl-
2 mutant animals, we were able to count 20.3±1.4 intestinal
cell nuclei (n=92 animals), compared to 32±2 for wild-type
(n=50 animals). The set-2 mutation was unable to restore a
wild-type number of intestinal cells, as set-2;hpl-2 mutants
showed a similar reduction in the number of intestinal cell
nuclei as the single hpl-2 mutant (23.3±3.0, n=112).
Therefore, the defects in intestinal cell division in hpl-2
mutants are also largely independent of set-2 function. The
division of other cell types that divide post-embryonically,
including P blast cells, the mesoblast cell M and hypodermal
Table 3
RNA resistance of set-2 and swd-3 mutants
dsRNA
fed
Phenotype
scored
Genotype
wt set-2 swd-3
dpy-10 dpy ++++ +++ +++
dpy-8 dpy +++ ++ ++
unc-15 Paralyzed ++++ + ++
evl-14 evl 49% (n=249) 4% (n=83) 0% (n=150)
sel-8 evl 38% (n=184) 1% (n=158) 2% (n=250)
par-1a evl (escapers) 73% (n=76) 3% (n=58) 24% (n=66)
unc-45b emb/L1 lethality 100% 0 0
cct-5 Larval let. 100% 100% nd
pos-1 emb let. 100% 100% nd
Phenotypes were scored in the progeny of L4 animals submitted to different
RNAi feeding experiments at 20 °C. aThe evl phenotype was scored among
adult escapers of the par-1(RNAi) embryonic lethality. bunc-45(RNAi) results
in late embryonic or L1 larval lethality, whereas in set-2 or wdr-1 mutant
contexts, worms all develop into uncoordinated adults. (+) indicate the degree of
the mutant phenotype scored.
Table 2
A. The set-2 mutation suppresses the evl, but not the Muv phenotype of hpl-2
animals
evl Muv
hpl-2 (n=44) 43% 27%
set-2;hpl-2 (n=99) 9% 27%
B. Suppression of hpl-1;hpl-2Muv phenotype by RNAi of SET1/MLL complex
homologues a
RNAi feeding % Muv
Empty vector 94.7 (n=207)
set-2 90.8 (n=174)
wdr-1 43.3 (n=90)
cfpl-1 36 (n=111)
sdw-1 94.5 (n=236)
dpy-30 23.8 (n=147)
mes-4 3.5 (n=198)
C. Suppression of synMuv phenotypes b
RNAi feeding synmuvA;synMuvB strain
lin-15AB(n765) lin-36(n766);lin-15A(n767)
% Muv
Empty vector 100 (n=369) 98.5 (n=415)
set-2 100 (n=369) 98.6 (n=420)
wdr-1 27 (n=180) n.d.
mes-4 10.3 (n=339) 9.6 (n=407)
a hpl-1;hpl-2 animals were derived from homozygous mothers grown at 20 °C
and shifted at 24 °C as early L4. Animals were scored as Muv if they showed at
least one ectopic vulval induction under a dissecting microscope or by scoring
vulval inductions at the L4 stage under Nomarski optics.
b hpl-1;hpl-2 animals were derived from homozygous mothers grown at 20 °C
and shifted at 24 °C as early L4. Animals were scored as Muv if they showed at
least one ectopic vulval induction under a dissecting microscope or by scoring
vulval inductions at the L4 stage under Nomarski optics.
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occur normally in hpl-2 mutants (data not shown).
Distinct phenotypes are associated with set-2 and swd-3
mutations
Our observation that single SET1/MLL complex homo-
logues do not all equally suppress the different hpl phenotypes
suggests that they may have additional independent functions.
The phenotypes associated with RNAi or mutations of the
single genes supports this thesis. cfpl-1(RNAi) resulted in slow
growth and temperature sensitive sterility, swd-2(RNAi) in a
very low penetrance sterility at 25 °C, and dpy-30(RNAi) in a
dpy phenotype and reduced fertility, as previously reported
(Kamath and Ahringer, 2003).
Like RNAi-depleted animals, set-2 and swd-3 mutant
animals showed no obvious developmental defects. However,
in the course of our analysis, we observed that for several genes,
RNAi in set-2 mutant animals resulted in a less severe
phenotype than in wild-type, suggesting that set-2 may act in
the RNAi pathway. To test this, we placed set-2 mutant worms
on RNAi feeding plates targeting genes previously shown to
give an easily scorable phenotype by RNAi feeding (Kamathand Ahringer, 2003). We found that for seven of the nine genes
tested, set-2 mutants showed a decreased RNAi sensitivity
compared to the wild-type control (Table 3). To rule out that this
effect could be due to a gene-specific genetic suppression, we
constructed double mutants between set-2 and unc-15, one of
the genes tested by RNAi. set-2;unc-15 animals were paralyzed,
showing that the set-2 mutation cannot suppress the unc-15
phenotype (data not shown). hpl-2 and other synMuvB genes
were recently shown play a negative role in RNAi (Coustham et
al., in press; Cui et al., 2006; Wang et al., 2005). Therefore, set-
2 and hpl-2 are also likely to have antagonistic roles in RNA
interference.
Like swd-3(RNAi), the swd-3 mutation results in no obvious
phenotype at 15 °C. However, at 25 °C we observed that
animals took longer to reach adulthood compared to wild-type.
Furthermore, the brood size of mutant animals dropped
progressively until animals became effectively sterile (10b
progeny per worm) between generation F3 and F4 (Supple-
mentary Fig. 3). Late onset sterility was also associated with
embryonic lethality, a him phenotype, and additional somatic
defects. This mortal germline phenotype (mrt) was also
observed at 20 °C, although at this temperature a greater
number of generations was required for the animals to become
sterile (data not shown). In addition, testing the swd-3 mutant in
the same assay used for set-2 revealed that swd-3 is also
required for RNAi (Table 3). Altogether these results suggest
that SET-2, SWD-3 and perhaps other counterparts of the SET1/
MLL complex may antagonize HPL activities in additional
pathways including RNAi, as well as each having additional,
independent function in the germline and soma.
SWD-3 expression is nuclear and developmentally regulated
Previous studies using specific antibodies showed that SET-2
is detected in the nuclei of embryos at all stages of development
and enriched in the germline of adults (Xu and Strome, 2001).
To study SET-2 and SWD-3 localization in vivo, we constructed
SET-2∷GFP and SWD-3∷GFP fusion proteins. For SWD-3,
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ATG. The resulting fusion protein rescues the phenotypes
associated with the swd-3 null allele (Supplementary Fig. 4 and
data not shown), suggesting that it retains wild-type activity.
SWD-3∷GFP could be observed in all nuclei of embryos
starting at approximately the 20 cell stage (Fig. 5A). In larvae,
GFP expression became more restricted and was particularly
strong in the nuclei of seam cells, the somatic gonad precursor
cells Z1 and Z4, vulval precursor cells (VPCs), distal tip cells
(DTCs), intestinal and muscle cells. Strong expression was also
observed in neurons from the ventral nerve cord, head, and tail
region. In adults, strong expression persisted in the head and tail
region, intestinal cells, muscle cells, and cells of the vulva. In
addition, in the developed somatic gonad strong expression was
observed in the spermatheca and in sheath cells. This expression
pattern is more restricted than either HPL-1 or HPL-2, which are
ubiquitously expressed in the nuclei of most cell types starting
at the two cell stage and into adulthood (Couteau et al., 2002;
Schott et al., 2006).
SET-2∷GFP expression in the soma was similar to the
staining detected with SET-2 antibodies (Xu and Strome, 2001).
Expression first appeared at approximately the 50 cell stage,
later with respect to SWD-3∷GFP, and decreased in subsequent
larval stages. As for SWD-3, in larvae the highest levels of
expression were observed in intestinal cells, seam cells,
hypodermal cells, VPCs, and DTCs (Supplementary Fig. 5).
However, as previously reported (Xu and Strome, 2001), and in
contrast to SWD-3, expression in adult somatic cells was
extremely weak. The repression of transgenes in the germlineFig. 5. swd-3∷GFP expression in Caenorhabditis elegans development. (A) Ubiqu
panel A; (C) expression in L1 larva. Arrows point to strong expression in seam cells (
point to expression in intestinal cells (in), vulva (vu), and spermatheca (sp). (E and F)
cells (DTC) of an L3 larva. (G and H) Close-up images showing strong expression in
observed in hypodermal cells (hyp) (I) DIC and (J) fluorescence images of swd-3∷G
panel D, 50 μm.prevented us from looking at either SWD-3 or SET-2 expression
in the germline. However, expression studies suggest that as for
set-2, swd-3 expression is enriched in the germline (Kim et al.,
2001).
SET1/MLL complex homologues differentially affect global
H3K4 methylation
While inactivating Set1 function in yeast completely
abolishes all H3K4 methylation (Briggs et al., 2001; Roguev
et al., 2001; Zhang et al., 2005), other subunits of the yeast
SET1 complex differentially affect mono-, di-, and/or trimethy-
lation of H3K4 (Dehe et al., 2006; Morillon et al., 2005; Mueller
et al., 2006; Schlichter and Cairns, 2005; Schneider et al.,
2005). Likewise, in human cells RbBP5 and Ash2 were all
found to be required for tri- and to a lesser extent dimethylation,
while WDR5 was found to affect all forms of H3 K4
methylation to various degrees (Dou et al., 2005).
To ask if the effect of the various SET1/MLL complex
homologues on H3K4 methylation is conserved in C. elegans,
we tested global levels of histone H3 K4 methylation in total
extracts prepared from RNAi-treated animals or mutant strains
by using antibodies directed against di- or trimethylated H3K4.
As shown in Fig. 6, di- and trimethylation levels were found to
significantly decrease in extracts prepared from synchronized
adult populations of swd-3 mutant animals, with the effect
being most striking for tri-methylation. While set-2 mutant
animals also showed a smaller, but significant decrease in H3K4
tri-methylation (pb0.05), we were unable to detect any effectitous swd-3∷GFP expression in nuclei of a 20-cell embryo; (B) DIC image of
sc) and in Z1Z4 gonadal precursor cells; (D) expression in a young adult; arrows
Example of swd-3∷GFP expression in vulval precursor cells (VPC) and distal tip
seam cells and muscle cells (m) from larva (arrows). Weaker expression is also
FP in dividing VPCs of an L4 animal. Scale bar in panels A–C, E–J, 10 μm; in
Fig. 6. H3K4 global methylation is dependent on homologues of SET1/MLL complex subunits. Representative data from quantitative Western analysis measuring the
levels of K4-methylated H3 in total cell extracts derived from (A) wild-type, set-2, and swd-3 single deletion mutants and (B) RNAi fed animals and control animals
fed on empty vector. For each sample, two different quantities were loaded. Antisera specific for K4-dimethylated H3 or K4-trimethylated H3 was used. Antisera
specific for actin was used to ensure equivalent loading of cell extracts in each lane. Bar graphs depict the combined results from at least three independent
experiments; error bars indicate standard deviation; pN0.05 for H3K4me2, and b0.05 for H3K4me3 (Student's t-test). (C) H3K4 trimethylation in fixed embryos from
wild-type and swd-3 mutant strains. Scale bar is 10 μm.
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cfpl-1, we instead prepared total protein extracts from mixed
stage populations of RNAi-treated worms. We found that
depletion of cfpl-1 and dpy-30 resulted in a reproducible and
significant decrease in both di- and tri-H3 K4 methylation, with
the effect being more pronounced on trimethylation (Fig. 6B).
By contrast, swd-2 depletion had no obvious effect on either di-
or trimethylation levels. The decrease in H3K4 methylation
does not seem to be due to a non-specific effect on chromatin
structure in the absence of the corresponding proteins, as we
observed no detectable change in other histone modification
marks, including H3K9 methylation (data not shown). Immu-
nostaining with H3K4 trimethyl antibodies on fixed embryos
from wild-type and swd-3 mutant embryos, which together with
cfpl-1 showed the most drastic decrease in H3K4 methylation
by Western blot analysis, confirmed these results, with staining
for H3K4 trimethylation being drastically reduced in swd-3
mutant embryos compared to wild-type (Fig. 6C). Altogether,
these results suggest that C. elegans counterparts of othersubunits of SET1/MLL-related complexes, including SET-2/
SET1, SWD-3/WDR5, CFPL-1/CFP1, and DPY-30, are
required for global H3K4 methylation. The fact that we could
detect no decrease in global H3K4 trimethylation levels upon
swd-2 depletion could be either due to limited depletion of
swd-2 by RNAi, or to SWD-2 activity being only required at a
specific developmental stage. In this context, we note that we
were unable to detect a decrease in H3K4 methylation levels in
extracts prepared from mixed stage populations of set-2 mutant
animals. The isolation of an swd-2 deletion allele will allow us
to resolve this issue.
Inactivation of SET-2 restores a wild-type H3K9 methylation
pattern in differentiated cells of hpl-2 mutant animals
In most species, H3K9 methylation and HP1 colocalize in
heterochromatic regions. In C. elegans embryos, only a partial
overlap between HPL-2 and methylated H3K9 is observed, with
the majority of the large HPL-2 foci failing to colocalize with
Fig. 7. Wild-type distribution of methylated H3-K9 is re-established in intestinal cells of hpl-2;set-2mutants. Control (A–C), hpl-2 (D–F), and hpl-2;set-2 (G–I) adult
animals were dissected, fixed, and stained with trimethylated H3-K9 antibodies (green) and counterstained with DAPI (blue) to visualize DNA. Each panel show two
representative nuclei from intestinal cells.
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press). In contrast to embryonic nuclei, in differentiated cells
from adults, HPL-2 remains mostly diffuse throughout the
nucleus. A diffuse distribution is also observed for methylated
H3K9. In hpl-2 mutant animals, however, H3K9 trimethylation
became concentrated in a limited number of nuclear foci, the
effect being most noticeable for the large intestinal nuclei (Fig.
7). This relocalization is reminiscent of what has been
observed in Drosophila, where the absence of HP1 activity
was found to result in extensive relocalization of H3K9
methylation along euchromatic regions (Schotta et al., 2002).
Strikingly, a normal distribution of the trimethyl H3K9 epitope
was re-established in set-2;hpl-2 mutants, with most of the foci
disappearing (Fig. 7, compare panel E with panel H). In
control experiments, trimethyl H3K9 distribution was found to
be unaltered in a set-2 mutant context (data not shown). This
effect appears to be specific to H3K9 trimethylation, as we
failed to see any change in the distribution of other histone
modification marks, including H3K9 dimethylation and
H3K27 methylation (data not shown). Altogether, these results
suggest that in post-embryonic development, hpl-2 and set-2
may antagonize each others function not only in the regulation
of specific genes, but also in the organization of larger
chromatin domains.Discussion
SET-2 may act in a SET1/MLL-related complex to antagonize
HPL/HP1 function
Repressed or active transcription states of developmentally
important genes are maintained by epigenetic mechanisms,
including the reversible covalent modification of histones.
H3K4 methylation is closely associated with transcriptionally
active chromatin and is deposited by the highly conserved
SET1/MLL family of methyltransferases. We have shown that
depletion of SET-2, the only C. elegans orthologue of human
and yeast SET1, can partially compensate for the lack of
HPL/HP1 function in several aspects of post-embryonic
development.
In mammalian cells, a common feature of the different SET1/
MLL HMT complexes isolated is the presence of three
structural components, RbBP5, Ash2L, and WDR5 (Dou et
al., 2006; Steward et al., 2006). In addition to these core
components, three other proteins, Sdc1/DPY30, Swd2/Wdr82,
and Spp1/CFP1, can also be found in these complexes. We
observed that compromising the function of four genes
encoding counterparts of these subunits, including swd-3/
WDR5, swd-2/Wdr82 cfpl-1/CFP1, and dpy-30, also
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mutants and the larval lethality of hpl-1;hpl-2 double mutants.
Furthermore, inactivation of swd-3, cfpl-1, swd-2, and dpy-30
resulted in a similar suppression of hpl-2 somatic gonad and
germline defects as observed upon inactivation of set-2. By
contrast, inactivating either Y17G7B.2/Ash2, or F21H12.1/
RbBP5, failed to suppress either hpl-2 single or hpl-1;hpl-2
double mutants. Altogether, these results suggest that in C.
elegans, SET-2, SWD-3, CFPL-1, and DPY-30 may act as part
of a multiprotein complex related to SET1/MLL. Although the
exact cause of the hpl-2 and hpl-1;hpl-2 developmental defects
is not known, misexpression of one or more target genes is
likely to contribute to the observed phenotypes (Coustham et
al., in press). In light of the established role of HP1 proteins in
gene silencing through the formation of a localized repressive
chromatin structure, our results suggest that HPL proteins may
function in competition with SET-2 mediated H3K4 HMT
activity, associated with a more permissive chromatin environ-
ment, to regulate specific developmental programs.
SET1/MLL complex subunits play additional independent
functions in development
In mouse, deletion of MLL1 or MLL2 results in severe
defects in embryonic development, some of which derive from
abnormal homeotic gene expression (Glaser et al., 2006; Yu et
al., 1995). WDR5 is also essential to vertebrate development,
and deficiency phenotypes are similar, at least in part, to those
observed in Mll−/− mice, probably owing to a common Hox
gene regulation defect (Wysocka et al., 2005). By contrast, with
the exception of dpy-30, neither set-2, nor any of the other
SET1/MLL complex homologues appear to be essential for C.
elegans somatic development, although swd-3 mutants develop
more slowly that wild-type. Reducing the activity of dpy-30 by
RNAi results in a dpy phenotype, as previously reported
(Kamath and Ahringer, 2003), while its complete inactivation
results in embryonic lethality. DPY-30 in is an essential
component of the dosage compensation complex but differs
from other components in that it plays a more general role in the
development of both XX and XO animals (Hsu et al., 1995; Hsu
and Meyer, 1994). Our results suggest that at least one
additional function of DPY-30 may be as a component of a
SET1-related H3K4 methyltransferase complex.
In addition, both set-2 and swd-3 are required for RNA
interference. A previous report failed to observe a requirement
for either gene in this process (Cui et al., 2006), probably due to
the fact that results were based on co-injection experiments on a
single RNAi target gene. Our results are consistent with a wider
role for chromatin remodeling factors in RNAi pathways in C.
elegans (Kim et al., 2005).
In contrast to the absence of an essential role for most
SET1/MLL complex subunits in somatic development, several
subunits do appear to play an important role in germline
function. Most notably, set-2 was originally isolated as
enhancer of the sterility associated with the mes-3 and mes-4
maternal effect sterile mutations (Xu and Strome, 2001), while
swd-3 mutants reproduce normally for several generations buteventually become sterile. This mortal germline (mrt)
phenotype was first described for the MRT-2 DNA damage
checkpoint protein (Ahmed and Hodgkin, 2000), and the
subsequent isolation of additional mrt mutants suggested that it
is the consequence of accumulation of various forms of
heritable cellular damage. A germline phenotype was also
observed upon depletion of CFPL-1. Furthermore, like HPL-2,
SET-2, SWD-3, CFPL-1, and to a lesser extent SWD-2 are also
all required for the repression of repetitive transgenes in the
germline (data not shown, Couteau et al., 2002; Jedrusik and
Schulze, 2001), suggesting that in the germ-line these proteins
may act in same pathway rather than having antagonistic
functions to HPL-2. This would explain why the restoration of
a wild-type gonad in hpl-2 mutants upon inactivation of set-2
is not sufficient to re-establish germline function. Finally, we
note that SET-2, SWD-3, CFPL-1, and SWD-2 all show a
germline enriched expression. Altogether, these results suggest
that these proteins have additional important functions in the
germline, acting either individually or as part of additional
complexes.
Additional H3K4 methyltransferase complexes may function in
C. elegans post-embryonic development
Inactivating Set1 function in yeast completely abolishes all
H3K4 methylation, consistent with the fact that it is the only
HMT in yeast (Dehe et al., 2006; Briggs et al., 2001; Roguev
et al., 2001; Zhang et al., 2005). Of the other subunits, Swd1/
RbBP5 and Swd3/WDR5 are required for mono-, di-, and
trimethylation of H3K4, while Bre2/ASH2 and Sdc1/DPY-30
are required for trimethylation but are dispensable for mono
and dimethylation (Morillon et al., 2005; Mueller et al., 2006;
Schlichter and Cairns, 2005; Schneider et al., 2005). The
absence of SPP1/CFP1 results in a specific decrease in H3K4
trimethylation only. By contrast, while in higher eukaryotes
WDR5 knockdown produces a genome-wide deficiency in
H3K4 trimethylation, (Dou et al., 2005; Wysocka et al., 2005),
no global decrease of this histone modification was detected in
either fibroblast cells from mice carrying a deletion of the SET
domain of MLL1 (DeltaSET) (Terranova et al., 2006), or in
Mll2−/− ES cells (Glaser et al., 2006). These results
presumably reflect a more restricted role for MLL1 and
MLLL2 at specific target genes, or in specific cell types, with
additional HMTs acting redundantly for global H3K4
methylation.
We observed that depletion of set-2/SET-1, swd-3/WDR5,
dpy-30, and cfpl-1/CFP by either RNAi or mutation resulted
in a global decrease in H3K4 trimethylation. With the exception
of set-2, a significant decrease in dimethylation levels was also
observed. As in mammalian cells, the effect on H3K4 me-
thylation was most pronounced with a swd-3/WDR5 putative
loss of function allele, in which trimethylation was almost
undetectable, both by quantitative Western blot analysis and by
immunofluorescence. These results strongly suggest that the
H3K4-specific HMT activity of SET-2, SWD-3, CFPL-1, and
DPY-30 is conserved in C. elegans. Furthermore, the residual
levels of global H3K4 methylation observed in the absence of
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HMTs may act redundantly with SET-2 for this modification.
We found that reduced function of either set-2/SET1, swd-3/
WDR5, swd-2/Wdr82, cfpl-1/CFP1, or dpy-30 results in
suppression of hpl-2 growth defects and hpl-1;hpl-2 larval
lethality. However, while RNAi of cfpl-1, swd-3, and dpy-30
also suppresses the Muv phenotypes associated with both hpl-
1;hpl-2 and synMuvA;synMuvB mutants, inactivation of either
set-2 or swd-3 has no effect on the Muv phenotype of these
animals. Based on these observations, it is tempting to speculate
that the proteins encoded by cfpl-1/CFP1, swd-3/WDR5, and
dpy-30 might participate in the formation of at least one other
H3K4 HMT complex independent of SET-2 activity and with
additional functions, including the development of the vulva.
Alternatively, the suppression of vulval phenotypes may be
independent of HMT activity. Although C. elegans possesses
one additional SET1/MLL family protein, T12D8.1, which
more closely resembles Trx/MLL proteins, we were unable to
detect an effect on global H3K4 methylation upon its
inactivation by RNAi. By contrast, inactivation of Y17G7B.2/
Ash2 and F21H12.1/RbBP5, the two remaining counterparts of
yeast and mammalian SET1/MLL complexes, failed to suppress
hpl phenotypes, but resulted in moderate to significant
decreases in global levels of methylated H3K4 (T.S. and F.P.,
unpublished data). Y17G7B.2/Ash2 has been found to interact
with DPY-30 in a genome-wide yeast two-hybrid screen (Li et
al., 2004). MLL/SET family complexes have been found to
contain unique components, including menin, ASC2, and
HCF1, that probably function by mediating the interaction of
specific HMTs with other cofactors, or recruitment to target
genes (Lee et al., 2006; Wysocka et al., 2003; Yokoyama et al.,
2004). Altogether, these results suggest that in C. elegans, as in
higher eukaryotes, different H3K4 HMT complexes with
distinct functions in specific developmental pathways may
exist.
Unique and redundant functions of SET-2 and MES-4 HMTs in
development
Another HMT identified in our suppressor screen is MES-4,
responsible for H3K36 dimethylation in germline nuclei and
early embryos (Bender et al., 2006). In yeast, H3K36
methylation is deposited by the Set2 HMT, which like Set1
associates with elongating RNA polymerase II (Kizer et al.,
2005; Morris et al., 2005). The binding of MES-4 to chromatin
and its H3-K36 HMTactivity, however, appear to be RNA pol II
independent. In mouse, the MES-4-related HMT NSD1 was
found to methylate both H3K36 and H4K20 (Rayasam et al.,
2003). Although both set-2 and mes-4 suppress hpl-2 growth
defects and hpl-1;hpl-2 larval lethality when inactivated, they
behave differently with respect to a number of additional
phenotypes. Most notably, while set-2 inactivation had no effect
on the Muv phenotype of hpl-2 single and hpl-1;hpl-2 double
mutants, inactivation of mes-4 completely restored normal
vulval development. Consistently, mes-4 was previously shown
to antagonize the Rb-related synMuv pathway of vulval cell fate
determination (Cui et al., 2006). Furthermore, we note that set-2(RNAi) enhances the sterility associated with mes-4 mutations
(Xu and Strome, 2001), while mes-4 inactivation in a swd-3
mutant context results in larval arrest (Supplementary Fig. 4).
These results underscore the complexity of the observed
interaction between different chromatin remodeling factors.
Depending on the particular developmental pathway or specific
tissue being studied, the same set of epigenetic factors will
either act in concert or antagonistically to regulate the
expression of specific target genes.
Antagonism between SET-2 and HPL/HP1 activities: global or
gene specific?
The exact roles for H3K4 methyltransferases in gene
expression remain controversial. In yeast, there is no evidence
so far that Set1 regulates specific gene expression (Santos-Rosa
et al., 2002). Rather, Set1 and H3 K4 methylation play general
roles in the maintenance of chromatin status, which includes an
association with transcriptional activity (Krogan et al., 2003; Ng
et al., 2003) and an opposition to H3K9 methylation (Noma et
al., 2001). In development, one of the best characterized
functions of H3K4 methyltransferases is in the regulation of
homeotic genes, where direct antagonism is found in the action
of Polycomb group (PcG) and Trithorax (Trx) group proteins in
maintaining transcriptional OFF and ON states of HOX and
other target genes (Klymenko and Muller, 2004). This
opposition may be due to the control of opposing methylations
at H3K4 and H3K27. Based on the activities associated with
SET1 and HP1 proteins, one interpretation of the results
presented is that C. elegans HPL proteins and SET-2 play
antagonistic roles in regulating the expression of specific genes
important for post-embryonic development.
However, while deregulation of Hox genes is one of the
hallmarks of both Drosophila and mammalian PcG and trxG
mutant phenotypes, the fact that the absence of hpl-2 activity
results in a number of somatic defects which are not observed in
a set-2 mutant context argues against HPL-2 and SET-2
operating mainly on the same set of target genes. Our
observation that the altered distribution of the H3K9 trimethyl
mark in the absence of hpl-2 is re-established in an hpl-2;set-2
mutants context, argues for at least a partial effect on large scale
chromatin organization. Alternatively, set-2 and hpl-2 could
have at least partially distinct targets, and their activity be in
dynamic equilibrium. Reducing or eliminating the activity of
either one singly would disturb this balance, while simulta-
neously reducing or eliminating both functions might re-
establish a new equilibrium. This could explain some of the
variability associated with hpl-2 phenotypes, if in any given cell
type the re-establishment of correct expression levels is a
stochastic event.
Finally, a recent study (Vakoc et al., 2005) raises the
intriguing possibility that HP1 proteins may more directly
antagonize SET1 in the regulation of polII activity. Vakoc et al.
showed that human HP1γ is distributed on active genes by a
mechanism dependent on RNA polII. As mammalian SET1/
MLL1 complexes may be required for normal initiation and/or
transcriptional elongation via an interaction with RNA
382 T. Simonet et al. / Developmental Biology 312 (2007) 367–383polymerase II (pol II) on a fraction of actively transcribed
promoters (Milne et al., 2005), an additional function of HP1
could be to negatively regulate PolII transcriptional elongation.
Identifying the genomic regions targeted by SET-2 and HPL
proteins should shed light on the molecular basis of the observed
antagonism. Alterations in global levels of histone methylation
are associated with cancer and are predictive of the clinical
outcome (Seligson et al., 2005). As a number of histone lysine
methyltransferases are disrupted in a variety of cancer types
(Ayton and Cleary, 2001; Hamamoto et al., 2004), studying their
function in a developmental context should contribute to an
understanding of how histone methylation mechanistically
contributes to the oncogenic state.
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